Introduction
In the European Union, the incidence of Hodgkin lymphoma (HL) is ~2.2/100,000 per year, 1 most often affecting young adults aged 20-40 years. 2 HL is a malignant tumor of the lymph nodes and lymphatic system, which has the nature of the post-germinal B-cell origin of the malignant Hodgkin and Reed-Sternberg cells. 2 Over the last few decades, significant progress has been made in the management of patients with this disease, and it has become treatable even in those with advanced-stage HL. 3, 4 Chemotherapy is the cornerstone treatment for patients with advanced HL. 2 The development of combination chemotherapy not only changed the prognosis but also prolonged the survival time of patients with advanced-stage HL. 5 The therapeutic goal of advanced-stage HL is to reduce long-term complications and improve quality of life based on improving or maintaining the existing efficacy.
At present, doxorubicin, bleomycin, vinblastine, and dacarbazine (ABVD) remains the standard approach of treatment for these patients. 6, 7 ABVD regimens have a longer 5-year overall survival (OS) rate and are less myelotoxic than mechlorethamine, vincristine, procarbazine, and prednisone (MOPP) or when alternated with MOPP. 8 Robust clinical evidence shows that compared to ABVD, treatment with four cycles of increased dose of bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and prednisone (BEACOPP escalated ) followed by four cycles of baseline-dose BEACOPP (4× BEACOPP escalated + 4× BEACOPP baseline ) had a better initial tumor control. However, with regard to the 7-year OS rate, there was no significant difference between the two groups. 9 A previous Phase 1 trial demonstrated that the brentuximab vedotin plus doxorubicin, vinblastine, and dacarbazine (A+AVD) had a better acceptance and efficacy in patients with advanced treatment-naive HL. 10 In addition, current evidence favoring A+AVD rather than ABVD was demonstrated in ECHELON-1, a randomized Phase 3 trial involving patients with advanced-stage HL. 11 It is difficult to compare the efficacy of all tested regimens in the same trial, even though many clinical trials have been used to compare therapeutic regimens. In a previous network meta-analysis, six cycles of BEACOPP escalated were thought to be the optimal choice for patients with advancedstage HL. 12 Until now, there is no direct comparison between BEACOPP and A+AVD.
Thus, we adopted a network meta-analysis method in order to investigate this crucial problem further. In addition to collecting the data of different clinical trials, network meta-analysis was also used to combine direct and indirect evidence, rank these regimens, and elect the optimal regimen. [13] [14] [15] The objective of our study was to perform direct and indirect comparisons of the efficacy of different chemotherapy regimens in adults with advanced-stage HL using a network meta-analysis of randomized controlled trials (RCTs).
Materials and methods search strategy
The network meta-analysis was carried out according to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) extension to network metaanalysis. 16 In this network meta-analysis, we searched for relevant RCTs in titles/abstracts in PubMed, Embase, and the Cochrane Library. We placed a restriction on language, and only articles in English were included. No publication date or publication status restrictions were imposed. We used the following medical subject headings: "Hodgkin disease", "brentuximab vedotin", "procarbazine," "bleomycin", "dacarbazine", "mechlorethamine", "doxorubicin", "cyclophosphamide", "prednisone", "etoposide", "vinblastine", "vincristine", and "RCTs" combined with lists of free text words for searching. The search was last updated on April 3, 2018. Additionally, we also manually searched for additional eligible trials in the reference lists of retrieved publications and relevant meta-analysis. Complete search strategies are shown in Tables S1-S3 .
selection criteria
Two authors (Zhang T and Yao Y) independently assessed the studies for eligibility. Eligible patients were aged ≥18 years with newly diagnosed and previously untreated advanced-stage (stage III or IV) HL. To be included, the studies had to be RCTs that assessed the effectiveness and safety of one of the following treatments: ABVD, four cycles of BEACOPP escalated followed by two or four cycles of BEACOPP baseline (4× BEACOPP escalated +2 or 4× BEACOPP baseline ), A+AVD, doxorubicin, vinblastine, mechlorethamine, vincristine, bleomycin, etoposide, and prednisone combined with radiation therapy (Stanford provide the original text were excluded. If several publications were based on the same trial, only the newest and/or the most informative study was included in our network meta-analysis.
Data extraction
Two authors (Yao Y and Feng FB) independently extracted the basic characteristics of studies that met the inclusion criteria based on a prespecified data sheet. All authors tested the data extraction sheet before formally extracting the data. The following information was extracted: the first author, the year of publication, study design, sample size, intervention details (such as name, frequency, and dose), patient characteristics (such as median age, clinical stage, performance status, international prognostic score, histologic subtype, and median follow-up), outcome results, and safety data. The extracted data were those used in the intention-to-treat analysis. When any discrepancies arose, the abovementioned two authors reached consensus via discussions. After the data were extracted, these two authors cross-checked the data for accuracy against the studies.
Quality assessments
According to the Cochrane Handbook for Systematic Reviews of Interventions, we evaluated the risk of bias of individual eligible trials. 17 We carried out the following seven domain-based evaluations: sequence generation, allocation concealment, masking of participants and personnel, masking of outcome assessors, incomplete outcome data, reporting bias, and other biases. The following criteria were adopted to judge each domain: low risk of bias, unclear risk of bias, and high risk of bias.
statistical methods
The estimates of the network meta-analysis are represented as the HR with the corresponding 95% credible intervals (CrIs) when the effect size is time-to-event outcomes, and as the OR with associated 95% CrIs when there is a dichotomous outcome. With regard to HR and 95% CI, we extracted the data from the publication of the RCT. If HR and 95% CI were not directly reported in the studies, we used Engauge Digitizer 4.1 (http://digitizer.sourcenet/) to extract the survival information from the Kaplan-Meier curve and also to estimate the HR. 18 Whenever possible, to the best of our abilities, we tried to use the longest follow-up data that were available. If only the percentage of patients with CR was reported in the publication, it was required to be converted to a decimal.
We performed our analysis using the linear regression model within the Bayesian framework. The WinBUGS, version 1.4.3 (MRC Biostatistics Unit, Cambridge, UK), based on Markov chain Monte Carlo method, was used for data analysis. Three initial values were randomly selected to run the Markov chain simultaneously. For the HR of OS, the model runs 60,000 iterations in total, and the number of iterations per chain is 20,000. We installed 5,000 iterations for each chain, which is regarded as the "burn-in" period. For the OR of CR, each chain runs 10,000 iterations, of which the first 3,000 are the "burn-in" period. A fixed-effect model or random-effect model is used, based on the Deviance Information Criteria (DIC) value. Ultimately, the optimum model is used for the primary analysis. The pooled estimated value is presented as the median and 95% CrI (2.5 and 97.5%, respectively) of the distribution of the final calculated data. Furthermore, we evaluated the ranking of each intervention regimen by plotting the surface under the cumulative ranking (SUCRA). The larger the SUCRA value, the higher the rank of the corresponding treatment regimen among the networks. 19 When a loop existed in three arms, we used a node-splitting approach to evaluate inconsistencies among direct evidence and indirect evidence.
For the analysis mentioned above, we used Stata software version 13.0 (Stata Corporation, College Station, TX, USA). In addition, for assessment of bias, we used Review Manager, version 5.3 (The Nordic Cochrane Center: the Cochrane Collaboration, Copenhagen, Norway).
Results

literature search results
Overall, 3,564 citations were identified by the search of PubMed, Embase, and Cochrane Library. After reviewing citation titles and abstracts, we excluded obviously irrelevant citations. A total of 51 potentially appropriate studies were retrieved in full text. After further reviewing the full texts, we excluded 33 studies for the following reasons: non-eligible interventions (n=5), duplicate reports (n=5), one study (n=9), no data on outcomes (n=12), or not an RCT (n=2). Finally, we deemed 18 reports 8,9,11,20-34 of 16 trials eligible and included them in our network meta-analysis. The PRISMA flowchart demonstrating the literature search process is shown in Figure 1 .
Characteristics of eligible studies
In total, 11,928 participants were randomly assigned to one of the 12 combination chemotherapy regimens and were 
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Zhang et al included in the network meta-analysis, of which 11,476 patients were analyzed. The detailed characteristics of 12 combination chemotherapy regimens are shown in Table S4 . Across trials, the publication year of eligible studies ranged from 1992 to 2018, and the median follow-up ranged from 2.05 to 9.25 years. All trials were prospective RCTs by cooperative groups. Of these trials, five studies were three-arm trials while the remaining were two-arm trials. With regard to clinical characteristics, the median age was from 28 to 70 years. In terms of B symptoms, only eight trials reported this index; the minimum percentage was 56.9, and the maximum percentage was 88. Definition of advanced-stages varies between investigators and trials, but about 78% of the participants were in stage III or IV. Table 1 summarizes the main characteristics of eligible trials.
The assessment of the risk of bias
As for the risk of bias, detailed information is shown in Figure  2 . For the majority of studies, it is difficult to assess the risk of bias mainly due to the lack of detailed reports. Therefore, most studies were judged to be unclear risk of bias. In terms of study quality, only five trials reported specific random sequence generation and allocation concealment. The majority of studies were based on intention-to-treat analysis. Sixteen trials involving 12 intervention arms were reported for the OS. According to the size of DIC, we chose to use a fixed-effect model (DIC =21.724) to perform data analysis involving OS, instead of a random-effect model (DIC =25.614). For OS, no differences were observed within any interventions when ABVD regimen was used as the referent agent (Table 2) Abbreviations: na, not available; RCTs, randomized controlled trials; RT, radiotherapy. Table 2 . In addition, we also added a forest plot indicating HRs ( Figure S1 ) and ORs ( Figure S2 ) comparative to ABVD. As is shown in Figure 4 , we ranked all the interventions according to the size of SUCRA value. The SUCRA value of 12 combined chemotherapy regimens for OS and CR is shown in Table S5 . There is strong evidence indicating that 6× BEACOPP escalated (SUCRA =86.5) had the highest probability of being the optimal treatment for OS, followed by 8× BEACOPP 14 (SUCRA =86.0) and A+AVD regimen (SUCRA =68.5). Despite high SUCRA value, two-by-two comparisons of the three regimens show no statistically significant survival advantage over the others. In contrast, M[C]OPP/ABVD regimen had the minimum probability (SUCRA =10.6). With regard to CR, 6× BEACOPP escalated (SUCRA =99.3) was significantly beneficial in improving CR, followed by 8× BEACOPP 14 (SUCRA =91.0) and 8× BEACOPP escalated regimens (SUCRA =82.3). Among all the intervention rankings, the MOPP regimen was the worst (SUCRA =1.2).
Discussion
As far as the likelihood of cure is concerned, the introduction of combined chemotherapy has made HL become one of the more favorable malignancies. At present, for the majority of patients with advanced-stage HL, ABVD regimen is the first line of treatment because of its better efficacy and fewer adverse effects than the MOPP regimen. 8 However, ~20% of the advanced-stage patients are not completely in remission. To further improve the efficacy of combined chemotherapy for advanced HL, the BEACOPP regimen was introduced by the German HL Research Group. 35 In addition, A+AVD regimen was introduced so that it could reduce the fatal lung toxicity of bleomycin. 11 We draw the following conclusions from the results of our network meta-analysis: neither six cycles of BEACOPPescalated nor the A+AVD regimen significantly prolonged OS. Although a previous network meta-analysis 12 indicated that when compared to ABVD regimen, six cycles of BEACOPP escalated might be the optimal treatment and significantly prolonged OS. However, 6× BEACOPP escalated and According to the results mentioned above, with regard to survival outcomes, most of the chemotherapy regimens did not significantly differ. A clinical trial of BEACOPP in patients with advanced-stage HL demonstrated that it could significantly and stably improve long-term freedom from treatment failure and OS in terms of a 10-year follow-up. 34 Additionally, brentuximab vedotin is an antibody-drug conjugate composed of an anti-CD30 chimeric monoclonal antibody, covalently linked. 36 In our study, we included an A+AVD regimen, because in a previous clinical trial, whether progression-free survival or secondary efficacy, this regimen was significantly superior to the ABVD regimen. 11 The replacement of bleomycin, based on the ABVD regimen, not only increases the efficacy but also reduces the risk of fatal pulmonary toxicity. 37, 38 In spite of this, without considering the safety, six cycles of BEACOPPescalated are still more effective than the A+AVD regimen, based on the SUCRA results, which could improve CR for advanced-stage HL.
Regarding the consistency of our study, we verified the inconsistency of the existing closed loop. We found that there was no difference in consistency, which indicated that direct comparison evidence corresponded with indirect comparison evidence. Additionally, we also evaluated the quality of included trials and noted that the majority of trials were open-labeled with no-blinding. In 10 of the 16 trials, sequence generation was judged as unclear, and in another 11 of the 16 trials, allocation concealment was judged as unclear. The unclear sequence generation and allocation concealment may give rise to bias. Nevertheless, we used an objective evaluation method, and the patient characteristics were equally distributed among each intervention group, so we thought the effect of these unclear factors was of little significance.
The dominant advantage of our study is the evaluation of available, published RCTs and the use of a network meta-analysis, which allowed for a comprehensive evaluation of the effect of different combined chemotherapy regimens. Moreover, the most up-to-date data were from 2018, and the published years of eligible studies were from 1992 to 2018. This network meta-analysis provides insight into the best combined chemotherapy for advanced-stage HL. Without doubt, there are several limitations that need to be acknowledged. First, in eight studies, digitized HRs were not provided directly in the survival curves, and so we had to extract HRs for OS from the survival curves. In this case, there was a trend toward a relatively large error. Second, despite some eligible studies having reported adverse events, because of the inconsistency of adverse events reported in the majority of studies, we could not analyze the safety data. When physicians make a decision about a chemotherapy regimen for initial treatment not only the efficacy of the medication but also the toxic effects of the treatment should be taken into consideration. Therefore, it is unfortunate that the safety data could not be merged to draw conclusions. Finally, published information rather than individual patient data was used to merge and analyze. Perhaps individual patient data could become a more detailed estimate of OS.
Conclusion
When compared across the 12 combined chemotherapy regimens, six cycles of BEACOPP escalated may be the optimal treatment for patients with advanced-stage HL. We believe that our study can provide high-level clinical decisions for clinicians and patients. However, we hope that more RCTs composed of any one of the mentioned chemotherapy regimens for patients with advanced-stage HL will be performed to develop more efficacious chemotherapy regimens.
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